The vascular wall (VW) serves as a niche for mesenchymal stem cells (MSCs). In general, tissue-specific stem cells differentiate mainly to the tissue type from which they derive, indicating that there is a certain code or priming within the cells as determined by the tissue of origin. Here we report the in vitro generation of VW-typical MSCs from induced pluripotent stem cells (iPSCs), based on a VW-MSCspecific gene code. Using a lentiviral vector expressing the so-called Yamanaka factors, we reprogrammed tail dermal fibroblasts from transgenic mice containing the GFP gene integrated into the Nestin-locus (NEST-iPSCs) to facilitate lineage tracing after subsequent MSC differentiation. A lentiviral vector expressing a small set of recently identified human VW-MSC-specific HOX genes then induced MSC differentiation. This direct programming approach successfully mediated the generation of VW-typical MSCs with classical MSC characteristics, both in vitro and in vivo.
INTRODUCTION
A frequently used source of mesenchymal stem cells (MSCs) is bone marrow. Such MSCs are commonly used as immune-suppressants for the treatment of steroid-refractory graft-versus-host disease after transplantation of hematopoietic stem cell-containing preparations, as MSCs elicit a weak allogeneic immune response when delivered into a non-identical, non-matched recipient (Nauta and Fibbe, 2007; Pittenger et al., 1999; Schu et al., 2012) . However, bone marrow extraction is a highly invasive procedure and only 0.01% to 0.001% of the collected cells are MSCs. Therefore, more easily accessible sources of MSCs are needed.
In contrast to bone marrow, MSCs can be easily harvested from various other adult human tissues, including cord blood, placenta, peripheral blood, adipose tissue, and the vessel wall (Gotherstrom et al., 2005; Jin et al., 2013; Klein et al., 2011; Zhu et al., 2014) . However, variations of the quality of obtained donor cells and tissue sources, as well as subsequent cell culture, have caused numerous inconsistencies in the reported in vivo effectiveness of MSCs (Galipeau, 2013; Kimbrel et al., 2014; Tyndall, 2014; Wagner and Ho, 2007) . Although these rare post-natal stem cells can be rapidly expanded in vitro to obtain the numbers necessary for therapeutic use, vigorous ex vivo expansion can result in replicative senescence and lead to a decline of their plasticity (e.g., alterations in cell-cycle or apoptosis pattern while maintaining the normal karyotype and phenotypic characteristics) and in vivo potency over time (Ho et al., 2013; Kyriakou et al., 2008; Liu et al., 2012; Miura et al., 2006; Rombouts and Ploemacher, 2003) . Finally, tissue stem cells may have accumulated many DNA abnormalities (caused by sunlight, toxins, and errors during DNA replication) during a lifetime (Janzen et al., 2006; Mimeault and Batra, 2009 ). These potential drawbacks may limit their usefulness.
An alternative method to circumvent many of these issues is to obtain MSCs by their generation from induced pluripotent stem cells (iPSCs) in vitro. Use of allogeneic standardized, validated, and officially approved iPSC banks would allow the generation of ''off-the-shelf'' MSCs with comparable properties and in large quantities (Jung et al., 2012; Kimbrel et al., 2014; Okano et al., 2013; Lindvall and Kokaia, 2010) . The classical method for differentiating iPSCs toward MSCs is the use of medium that contains a high serum concentration or MSC-typical growth factors such as basic fibroblast growth factor after dissociation of embryoid bodies (Frobel et al., 2014; Jung et al., 2012; Liu et al., 2012) .
We have previously shown that vascular wall-derived MSCs (VW-MSCs) particularly were more potent than bone marrow-derived MSCs in protecting lung endothelial cells from the adverse late effects of radiotherapy (Klein et al., 2016a (Klein et al., , 2016b . These findings support the assumption that tissue-specific stem cells support the tissue type from which they originate, which is a central advantage for the use of VW-MSCs for the protection and curative treatment of vascular structures Klein, 2016; Klein et al., 2016a) . Previous reports have already 
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+ were sorted as single cells, clonally expanded, and established as independent cell lines. Representative contour plots from two fibroblast isolates (#1, #2) from n = 3 independent experiments are shown. (B) Expression of alkaline phosphatase in clonally expanded iPSCs cultured on mouse embryonic fibroblasts (MEFs) was detected by alkaline phosphatase activity staining (red). Representative photographs for two different clones (#1, #2) from n = 6 independent experiments are shown. Scale bars, 100 mm. (C) Immunofluorescence stainings were performed for surface (SSEA1) and nuclear (OCT4, SOX2) antigens showing expression (red) of pluripotency-associated proteins in two dtTomato À NEST-iPSC clones (#1, #2) from n = 4 independent experiments. Nuclei were counterstained using DAPI. Scale bars, 100 mm. (D) H&E-stained histology was performed of teratomas formed by two different clones (#1, #2) 4 weeks after subcutaneous transplantation (n = 6 mice per clone, n = 12 mice in total). Scale bars, 200 mm.
(legend continued on next page) demonstrated that bone marrow-derived MSCs were less effective for MSC therapy than other stem cell sources, e.g., when compared with adipose tissue-derived or fetal MSCs, respectively (Montesinos et al., 2009; Prasanna et al., 2010; Ribeiro et al., 2013; Wang et al., 2014; Wegmeyer et al., 2013; Zhang et al., 2009) .
The tissue-specific homing and activities of MSCs that have been cultured in vitro prior to transfusion are likely based on an underlying transcriptional code caused by epigenetic memory allowing them to home back to the tissue from which they originally were derived (Frobel et al., 2014) . We have previously identified certain homeodomain-containing master regulators (homeotic selector [HOX] gene family members) which are selectively expressed in VW-MSCs (Klein et al., 2013) . Comparison of the expression patterns of 39 HOX genes in these cells with terminally differentiated endothelial cells, smooth muscle cells (SMCs), and undifferentiated embryonic stem cells revealed that the HOX genes HOXB7, HOXC6, and HOXC8 were specifically upregulated in VW-MSCs (Klein et al., 2013) .
In this work, we now demonstrate that iPSCs can be directly programmed toward mouse VW-typical multipotent stem cells of mesenchymal nature by ectopic lentiviral expression of the VW-MSC-specific HOX code encompassing HOXB7, HOXC6, and HOXC8, which we had previously defined. Provided that this approach can be translated to human cells, it may be particularly well suited for the treatment of diseases associated with vascular damage and remodeling, such as hypertension, ischemic diseases, congenital vascular lesions (aneurysms, fibromuscular hyperplasia, stenosis in collaterals), shear stress, or irradiation (Gibbons and Dzau, 1994; Korshunov et al., 2007; Renna et al., 2013) .
RESULTS

Derivation and Characterization of HOX-Transduced and Control NEST-iPSCs
We reprogrammed primary dermal tail-tip fibroblasts from a transgenic mouse in which the gene encoding GFP is expressed under the regulatory control of the Nestin promoter (NEST-GFP). Transduction of fibroblasts was performed with a lentiviral vector co-expressing the four Yamanaka factor genes (OCT4, KLF4, SOX2, and MYC) together with the coding sequence of the red fluorescent tdTomato protein. The reprogramming efficiencies (i.e., the number of isolated colonies per transduced cells) were similar for fibroblasts derived from different NEST-GFP donor mice, ranging from 1% to 3% (Table S1 ). For quality and potency characterization of the generated bona fide iPSCs, we isolated cells that had silenced the reprogramming vector (dtTomato À ) and expressed SSEA1 + by flow-cytometric cell sorting, subsequently expanded NEST-iPSC clones (12 in total), and established those as independent cell lines. Quality testing included flow-cytometric analysis of SSEA1 expression, alkaline phosphatase staining, and immunofluorescence staining of pluripotency-associated markers (SSEA1, SOX2, and OCT4) (Figure 1 ). Alkaline phosphatase was active in all isolated dtTomato À SSEA1 + NEST-iPSC clones (Figures 1A and 1B) . Expression of the nuclear proteins OCT4 and SOX2 and the cell-surface antigen SSEA1 was demonstrated by immunofluorescence (Figure 1C) . As the most stringent test for pluripotency of iPSCs, teratoma assays were performed. Mice were injected with reprogrammed cells of two selected clones. Tumors formed within 4-6 weeks with 100% efficiency (6/6 per clone). Histomorphological analysis after H&E staining revealed that these tumors contained derivatives of all three germ layers ( Figures 1D and S1 ). Conclusively, all tests applied for quality and potency indicated that the newly generated mouse NEST-iPSCs were pluripotent and fully reprogrammed.
We then compared the expression of the three selected VW-MSC-specific, endogenous HOX candidate genes (HoxB7, HoxC6, and HoxC8), as well as of the MSC marker Nestin in the reprogrammed NEST-iPSCs, mouse VWderived (aorta) MSCs (AoMSCs), bone marrow-derived MSCs (BM-MSCs), tail-tip dermal fibroblasts (TT-Fibro), and pluripotent mouse embryonic stem cells derived from the 129/Sv/Ev strain (line CCE) ( Figure 1E ). Expression of all three HOX genes was exclusively detected in cells from adult tissue. In AoMSCs, significantly higher expression levels of HoxC6, HoxC8, HoxB7, and Nestin were detected than in the iPSCs, CCE cells, or BM-MSCs.
Ectopic Expression of HOXB7, HOXC6, and HOXC8 Enforces the Generation of NEST + Cells during iPSC
Differentiation
To test whether VW-specific MSCs can specifically be obtained by forward programming in vitro, we transduced (E) Differential expressions of the three selected HOX candidates and Nest were analyzed by qRT-PCR in vascular wall-derived (aortic) MSCs (AoMSCs) compared with bone marrow-derived MSCs (BM-MSCs), isolated tail-tip fibroblasts (TT-Fibro) from NEST-GFP transgenic mice, generated NEST-iPSCs cultured on MEFs (iPSC + MEF), or cultured free of feeder-layer on gelatine (iPSCs), and to the mouse embryonic stem cells CCE. Shown are mean values ± SEM from at least n = 3 independent samples per group each measured in duplicates (biological replicates: AoMSC, n = 8-10; BM-MSC, n = 3; TT-Fibro, n = 5; iPSC + MEF, n = 3; iPSC, n = 5-6; CCE, n = 5); p values calculated by two-way ANOVA followed by post hoc Bonferroni test. *p % 0.05, **p % 0.01, # p % 0.005. See also Figure S1 .
feeder-free cultured NEST-iPSCs with a self-inactivating (SIN) lentiviral vector co-expressing the coding sequences of HOXB7, HOXC6, and HOXC8 separated by 2A esterase elements together with the gene encoding mTURQUOISE2 (mCyan-derived) fluorescent protein ( Figure 2A ). The process of transduction as such did not alter cell morphology ( Figure 2B ) or cell proliferation of the iPSCs ( Figure 2C ). The undifferentiated cells still expressed the endogenous pluripotency-associated genes Pou5f1 (encoding Oct4) and Klf4 as evaluated by qRT-PCR ( Figure 2D ) and flow-cytometric analysis of SSEA1, OCT4, and SOX2 expression ( Figure 2E ). Their ability to differentiate was also not altered by the ectopic expression of these three HOX genes as evaluated by embryoid body (EB) formation and with significantly decreased expression of pluripotency-associated genes. Again, teratoma assays were performed in immunodeficient NMRI mice with the transduced NEST-iPSCs. Tumors again formed with 100% efficiency. Histomorphological analysis revealed that all tumors contained derivatives of all three germ layers (Figure 3) , again proving the pluripotency of the obtained NEST-iPSCs, irrespective of ectopic HOX expression.
Expression of the endogenous and ectopic HOX proteins was confirmed by western blotting ( Figure 4A ) and (D) qRT-PCR quantifications of the pluripotent markers Pou5f1/Oct4 and Klf4 were performed in respective iPSCs 2 days after transduction and in aggregated EBs after an additional 2 days (biological replicates: n = 6-9 per group and gene); p values calculated by one-way ANOVA followed by post hoc Bonferroni test.*p % 0.05, ***p % 0.005. (E) Single-cell suspensions of control and HOX-transduced NEST-iPSCs and of aggregated EBs were analyzed by fluorescence-activated cell sorting (FACS) with indicated antibodies. Data are presented as mean ± SEM from at least n = 3 independent experiments (biological replicates: n = 6-8 for each epitope and group).
flow-cytometric analysis ( Figure 4B ). Of note, the amounts of the NEST-reporter protein GFP and NEST itself were concomitantly increased, suggesting that ectopic HOX expression either mediated an increase of NEST/GFP expression or promoted the formation of NEST-GFP + cells during EB differentiation in vitro ( Figure 4A ). We also analyzed single-cell suspensions of control and HOX-transduced NEST-iPSCs by flow cytometry 2 days after transduction and of EBs after an additional 6 days (8 days after transduction) after intracellular staining for HOX, as well as expression of CD73 ( Figure 4B ). In agreement with the western blot analysis, HOXB7, HOXC6, and HOXC8 expressions were increased in NEST-iPSCs and EBs. The MSC-associated marker CD73 was somewhat increased relative to control in day-6 EBs. Steady-state HOX transcription was further quantified by qRT-PCR ( Figure 4C ). As expected, significantly increased ectopic HOXB7, HOXC6, and HOXC8 mRNA expressions were detected in transduced NEST-iPSCs using human-specific deoxyoligonucleotide primers for qRT-PCR. Interestingly, the overall relative amounts of transcripts were lower in day-6 EBs, probably due to retroviral vector silencing during iPSC differentiation, as reporter expression was also significantly reduced in EBs ( Figure 4C ; see also Figure 2E) . Clustering global gene expression analysis showed that the gene expression profiles of ectopic HOX-expressing NEST-iPSCs and respective EBs were closer to those of VW-MSCs isolated from mouse aorta than those of control-transduced and EB-differentiated cells ( Figure 4D ).
Immunofluorescence as well as flow-cytometric analysis showed that ectopic HOX expression resulted in an increased number of NEST + /GFP + cells during EB differentiation in vitro ( Figures 5A and 5B). Immunofluorescence analysis was performed to visualize HOX protein as well as GFP marker protein expression ( Figures 5C and S2 ). As expected, increased cytoplasmic as well as partially nuclear localization of the HOX proteins was observed in transduced and differentiated EB cells, as well as an increased immunoreactivity to the used lineage tracer GFP. Furthermore, to test for the propensity of the iPSC-derived MSCs to differentiate toward adipocytes and osteoblasts, we plated and cultured day-8 EBs in appropriate differentiation media for an additional 14 days ( Figure 5D ). Adipogenic as well as osteogenic differentiation of NEST-iPSCsderived MSCs appeared to be more efficient when the three HOX genes were ectopically expressed. In vitro differentiation of HOX-transduced NEST-iPSCs toward multipotent MSCs and subsequent differentiation capabilities along the mesodermal lineage was further confirmed in TURQUOISE2 + -sorted NEST-iPSCs cultured on plastic for 7-10 days after transduction in the absence of leukemia inhibitory factor (LIF) ( Figure 5E ). In summary, the ectopic expression of the three MSCspecific HOX genes promoted the in vitro differentiation of NEST-iPSCs toward GFP + multipotent MSCs.
Ectopic HOX Expression Promotes Formation of NEST-GFP + , Vessel-Associated Mesenchymal Cells In Vivo Interestingly, when originally evaluating pluripotency of the NEST-iPSCs, we observed increased masses and volumes of the teratomas when HOXB7, HOXC6, and HOXC8 were ectopically expressed ( Figure 6 ). Therefore, Figure 3 . Pluripotency Analysis In Vivo: Teratoma Formation of Implanted NEST-iPSCs Immature teratomas derived from control and HOX-transduced NEST-iPSCs were explanted 4-6 weeks after subcutaneous cell injection and further subjected to immunohistochemistry. H&E staining was performed to visualize the different cellular structures. The presence of derivatives of all three germ layers was further confirmed using specific antibodies to a-sarcomeric actin (aSACRO) and vimentin (VIM) (mesoderm), b-catenin (CTNNB) (endoderm), glial fibrillary acidic protein (GFAP), and PAX6 (ectoderm) in combination with 3,3 0 -diaminobenzidine (DAB) staining. Isotype controls (Ctrl Ab) were used as staining controls. Representative photographs for n = 3 different experiments are shown (n = 8-10 mice per group). Magnification, 403 (H&E) and 1003 (DAB). Scale bars, 200 mm (H&E) and 100 mm (DAB).
subcutaneous NEST-iPSC implantation was repeated and teratomas were removed 28 days post implantation. Indeed, tumor volumes and weights were significantly increased specifically in the HOX group ( Figure 6A) . Flowcytometric analysis of cells of freshly isolated and dissociated tumors revealed a significantly increased proportion expressing the introduced HOX genes as well as cells expressing NEST GFP and the MSC marker CD90 ( Figures 6B   and S3) . Accordingly, the amounts of HOX, GFP, and NEST proteins were higher in whole-tumor lysates from NEST-iPSC teratomas compared with control-transduced NEST-iPSCs ( Figure 6C ). In contrast, the amounts of VEcadherin and PECAM1/CD31, two proteins expressed on endothelial cells, were not increased in the HOX-transduced teratomas, additionally indicating the specificity of these HOX proteins for MSC formation (Figures 6B and 6C) . Immunofluorescence analysis of the vessel structure within the teratomas revealed that the vessels within tumors derived from HOX-transduced NEST-iPSCs were associated and surrounded by GFP + cells, which co-express mural cell markers (ACTA2) and clearly indicate vessel stabilization compared with the more immature vessels of the controls (Figures 7 and S4 ). Taken together, our results strongly suggest the ectopic expression of MSC-specific HOX genes promotes differentiation of iPSCs toward NEST + , multipotent MSCs which, in teratomas in vivo, preferentially associate with vessel structures.
DISCUSSION
HOX proteins are key regulators of the animal body plan controlling the expression of realizator genes, which themselves in turn impose positional identity to developing tissues (Mallo et al., 2010) . The combined expression of a certain combination of HOX genes that specify a certain tissue has been termed the HOX code (Kessel and Gruss, 1991) . We present here the directed generation of multipotent MSCs from reprogrammed pluripotent stem cells, in vitro, by ectopic expression of HOXB7, HOXC6, and HOXC8, based on a HOX code we have previously defined for VW-MSCs (Klein et al., 2013) . We first generated iPSCs from skin fibroblasts of transgenic mice carrying a GFP gene under the control of the endogenous Nest promoter. Lentiviral expression of the aforementioned HOX coding sequences then efficiently promoted the formation of NEST-GFP + MSCs in differentiating EBs. Those cells displayed classical multipotent characteristics, in vitro, and selectively associated with vascular structures in NESTiPSC teratomas in vivo, thus likely representing true VW-MSCs.
HOX genes are not only active during embryogenesis but are also involved in regeneration and repair of tissues throughout life (Wang et al., 2009) . For example, cells with colony-forming unit (CFU) potential in the CFUfibroblast assay, a retrospective readout frequently used to quantify MSC frequencies (Bianco et al., 2008) , expresses different characteristic HOX gene signatures, depending on the organ/anatomical region from which they were isolated (Ackema and Charite, 2008; Sagi et al., 2012) . During development and in particular during differentiation, the topographic specificity of HOX codes is maintained, which indicates that HOX expression patterns are an intrinsic property of MSCs and could probably also be used as a molecular fingerprint. In fact, we and others have demonstrated that stem and progenitor cells from mesodermal tissues display HOX-specific gene expression profiles. These fingerprints can be used to distinguish functionally distinct populations of MSCs, as has been demonstrated for bone marrow and umbilical cord blood (Liedtke et al., 2010) . In particular, the HOX genes HOXB7, HOXC6, and HOXC8 were strongly overexpressed in VW-resident MSCs in comparison with terminally differentiated endothelial cells, Figure 4 . HOX-Transduced NEST-iPSCs and Differentiated EBs Differentially Express HOXB7, HOXC6, and HOXC8 as well as the MSC Markers GFP and NESTIN (A) Western blot analysis of indicated protein expressions were performed from whole-cell lysates of HOX-transduced and control NESTiPSCs 2 days after transduction, and of aggregated EBs an additional 2 and 4 days after transduction. Representative blots (left panel) from at least n = 3 independent experiments are shown. Mean values ± SEM are shown for quantification (right panels) (biological replicates: NEST-iPSCs n = 7-11 per group [for nestin n = 4], EBs n = 7-11 per group [for nestin n = 3]); p values calculated by two-way ANOVA followed by post hoc Bonferroni test. *p % 0.05, **p % 0.01, ***p % 0.005. (B) Single-cell suspensions of control and HOX-transduced NEST-iPSCs were analyzed 2 days after transduction and of EBs and after an additional 4 days by flow cytometry with the indicated antibodies. Data are presented as mean ± SEM (biological replicates: n = 6-8 for each epitope and group). *p % 0.05, **p % 0.01. (C) Relative transcripts were further evaluated by qRT-PCR in iPSCs and in EBs (biological replicates: n = 6-9 per group and gene); p values calculated by two-way ANOVA followed by post hoc Bonferroni test. *p % 0.05, **p % 0.01, ***p % 0.005. (D) Global gene expression heatmaps (left) of aorta-derived VW-MSCs and HOX as well as control-transduced NEST-iPSCs and differentiated EBs as determined by microarray analysis and selected MSC marker genes (right) with higher expressions in HOX-transduced and differentiated NEST-iPSC EBs and, thus, closer to aorta-derived VW-MSCs (biological replicates: n = 3 per group).
SMCs, and pluripotent embryonic stem cells (Klein et al., 2013) . This indicates that these genes are involved in the development and differentiation of the VW-resident MSCs. These MSCs typically reside in the adventitial vasculogenic zone, a specific stem cell niche of the vessel wall. A central hypothesis concerning these vessel-resident stem cells is that they are ''first-line cells,'' which are a first point of contact for tumor cells and secreted factors because of Figure 5 . HOX-Transduced NEST-iPSCs and Differentiated EBs Differentiate into Cells of Mesodermal Lineages (A) Reporter gene expression (TURQUOISE2 cyan fluorescence) was analyzed in HOXtransduced NEST-iPSCs and control-transduced (empty vector) NEST-iPSCs 96 hr after transduction by confocal microscopy. Cells were further stained for nestin (red) and GFP (green) marker expressions. Representative photographs of n = 4 independent experiments are shown. Scale bars, 100 mm (left panel) and 20 mm (middle and right panels). (B) Single-cell suspensions of aggregated EBs generated from control and HOXtransduced NEST-iPSCs were analyzed by FACS for GFP, nestin, and MSC marker CD44 expressions. Data are presented as mean ± SEM (biological replicates: n = 6-8 for each epitope and group). *p % 0.05, **p % 0.01. (C) Six days after transduction, aggregated EBs were seeded on gelatine-coated coverslips and immunofluorescence analysis for HOXB7, HOXC6, and HOXC8 expression was performed followed by confocal microscopy. Representative photographs from n = 4 independent experiments are shown. Scale bars, 15 mm. (D) Verification of mesodermal differentiation. Dissociated 6-day EBs were subjected to in vitro differentiation into osteocytes and adipocytes. Differentiation was observed within 14 days after induction of differentiation as shown by oil red O staining and by histochemical staining for alkaline phosphatase. Representative photographs are shown (biological replicates: n = 6). Magnification, 4003. Scale bars, 25 mm. (E) Selected MSC marker genes were further evaluated by qRT-PCR in TURQUOISE2 + -sorted iPSCs cultured on plastic for 7-10 days after transduction in the absence of LIF (biological replicates: n = 8 per group and gene). Trilineage differentiation along the mesodermal lineage was quantified after an additional 14 days of culture within differentiation medium by qRT-PCR analysis of adiponectin, osteocalcin, and aggrecan expression levels. Data are presented as mean ± SEM (biological replicates: n = 7 for each group and gene). *p % 0.05, **p % 0.01. See also Figure S2 . their anatomical location . In this regard it was recently shown that tissue-resident MSCs that predominantly reside in the adventitial vasculogenic zone of adult blood vessels-and not those from the bone marrow-can be mobilized from their niche, for example by signals released from tumor cells. These cells then contribute to vascular remodeling of tumor blood vessels by differentiating into pericytes as well as SMCs, which in turn stabilize angiogenic blood vessels Klein et al., 2011 Klein et al., , 2014 . Without mobilization from the niche, VW-resident MSCs express the HOXB7, HOXC6, and HOXC8 genes at high level whereas expression of transgelin (tagln), an essential factor in early SMC differentiation, is repressed. Upon mobilization and pericyte/SMC differentiation, these three VW-MSC-specific HOX genes were silenced (Klein et al., 2013) . Silencing of these genes resulted in alterations of CpG methylation of the Tagln promoter, leading to increased TAGLN expression, which was associated with induction of VW-MSC differentiation into SMC/pericytes (Klein et al., 2013) . In this work, we used the three VW-MSC-specific genes HOXB7, HOXC6, and HOXC8 to test whether their enforced expression would program differentiating iPSCs toward vessel wall-typical multipotent MSCs. Indeed, this triple combination resulted in a significantly increased number of NEST-GFP + MSCs. In vitro, the obtained cells adhered to plastic and could be differentiated along different mesodermal lineages, thus providing strong evidence for their multipotency and MSC-like differentiation potential. Moreover, the generated cells also showed classical MSC-like behavior in teratomas in vivo. They were found to be associated with newly formed blood vessels, which nicely correlated with the observed increased size of the teratomas grown from HOX-transduced NEST-iPSCs. Tissue-resident NEST + MSCs have already been shown to be essential for vessel stabilization during neovascularization processes and serve as a local source for pericytes and SMCs (Klein et al., 2014) . Data are presented as mean ± SEM (biological replicates: n = 8-10 for each epitope and group); p values calculated by two-way ANOVA followed by post hoc Bonferroni test. *p % 0.05, ***p % 0.005. (C) Expression levels of the indicated proteins were analyzed and quantified in whole-tumor protein lysates using western blot analysis (biological replicates: n = 15-20 for each protein and group [VE-cadherin n = 6]); p values calculated by two-way ANOVA followed by post hoc Bonferroni test. *p % 0.05, **p % 0.01. See also Figure S3 .
Given the importance of the master regulatory HOX genes for patterning during embryogenesis, we expect that the ectopic expression of a specific HOX code could allow for enhanced development of desired tissues in vitro. One example is human HOXB4, which is highly expressed in the hematopoietic stem and progenitor cell compartment in the adult bone marrow. Its ectopic expression in differentiating mouse embryonic stem cells (B) Higher-magnification images (magnification 633). CD31-and ACTA2-positive vessels were quantified by counting respective immunereactive vascular structures in whole-tumor sections. Vessels were quantified by counting in at least three whole cross-sections per tumor, and averages for individual animals were calculated. Depicted data represent the mean values of all mice per group (n = 6 mice per group). ****p % 0.001. (C) Teratoma sections were further stained for CD31 (indicated by arrows) and ACTA2 using DAB staining (brown). Scale bars, 200 mm. See also Figure S4 .
promotes the formation of long-term repopulating hematopoietic stem cells in vitro (Pilat et al., 2005 (Pilat et al., , 2013 .
Several studies have already successfully reported the generation of MSCs from human iPSCs using special media formulations (Chen et al., 2012; Frobel et al., 2014; Sheyn et al., 2016) . However, in this work we present the successful direct programming of iPSCs toward VW-typical MSCs by ectopic expression of a small set of HOX genes, namely HOXB7, HOXC6, and HOXC8. As the activity of homeotic selector proteins are highly conserved throughout evolution, it is very likely that our results will also hold true for human iPSCs. The possibility and feasibility of obtaining patient-specific VW-MSCs from iPSCs in large amounts by forward programming could potentially open avenues toward novel, MSC-based therapies. Finally, it remains to be shown whether this approach could also be used for enforcing transdifferentiation of other somatic cell types toward MSCs, thus avoiding the need for prior reprogramming of those cells back to the pluripotent stage.
EXPERIMENTAL PROCEDURES
Reprogramming of Mouse NEST-GFP Tail-Tip Fibroblasts
Fibroblast cultures (see Supplemental Experimental Procedures) were established and reprogrammed using a lentiviral vector co-expressing the coding sequences of POU5F1, KLF4, MYC, and SOX2 together with the gene encoding tomato fluorescent protein. Vector particle production (see Supplemental Experimental Procedures) was performed as previously described (Stanurova et al., 2016) . Primary fibroblasts were cultured up to 80% confluence. Fibroblasts were trypsinized, counted, and adjusted to a density of 1 3 10 5 in 150 mL of Dulbecco's modified Eagle's medium (DMEM, high glucose) with 10% fetal bovine serum, 1% sodium pyruvate and 50 units/mL penicillin/streptomycin (nTTF medium). Protamine sulfate (4 mg/mL) and virus according to an MOI of 10 was added to the cell suspension, which was then seeded at a density of 4,000 cells/cm 2 . Medium was completely exchanged 24 hr later. Two days after transduction, cells expressing tomato fluorescent protein were isolated by fluorescence-activated cell sorting and plated at a density of 1,500 cells/cm 2 on g-irradiated mouse embryonic fibroblasts in 6-well plate in mouse iPSC medium (KO-DMEM, 15% [v/v] 
HOX Gene Expression Vector and Transduction
Generated NEST-GFP iPSCs were transduced using a lentiviral SIN vector co-expressing the coding sequences of HOXB7, HOXC6, and HOXC8 separated by 2A esterase elements together with the gene encoding Turquoise2 (cyan) fluorescent protein (see Supplemental Experimental Procedures) . For this purpose, vector-containing supernatants were collected from HEK293 cells transfected with 5 mg of pRRL.PPT.SF.HOXB7.2A.C6L.2A.C8.2A.Turq plasmid or 5 mg of control plasmid (same vector without the HOX genes) mixed with 15 mg of wild-type Gag-Pol plasmid (MLV_SynGag) and 2 mg of pMDG-VSVG plasmid (pMDG) encoding the envelope protein. Vectors were concentrated by ultracentrifugation. iPSCs were seeded as single cells at a density of 1 3 10 4 cells/cm 2 onto gelatine-coated 6-well plates and cultured in iPSC medium with 50 mL of vector-containing supernatant. For formation of hanging-drop EBs (48 hr after transduction), single-cell drops (2,000 cells/20 mL) were hanging-cultured on the lid of Petri dishes as described elsewhere (Lin et al., 2014) . After another 48 hr (EBs formed with uniform size) aggregated EBs were washed off and plated in 6-well plastic plates, and MSC differentiation was further induced by culturing in MSC medium (complete DMEM supplemented with 20% FCS) or PAN-MSC medium (P08-50200, PAN Biotech).
Teratoma Formation Assay
This study was carried out in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the German Government. All procedures involving mice were approved by the local institutional Animal Care Committee (Regierungspräsidium Düsseldorf Az84-02.04.2012.A285; Az84-02.04.2016.A010). Mice were kept under standard conditions in the Central Animal Facility of the University Hospital, Essen. iPSCs for injection were harvested by incubation with Accutase (Life Technologies) for 15 min at 37 C to generate a single-cell suspension. After washing with PBS, cells were resuspended in DMEM/F12 supplemented with 50% growth-factor-reduced Matrigel (BD Bioscience) at a density of 1 3 10 7 cells/mL. Xenograft teratomas were generated by subcutaneous injection of 1 3 10 6 cells/mL of iPSCs into both hindlimbs of immunodeficient NMRI nu/nu mice (Harlan Laboratories). Mice were monitored daily for teratoma growth. Tumors were explanted when apparent skin lesions appeared, tumors reached a critical size, or at latest 60 days after injection. Mice were killed by isoflurane euthanasia. Tumors were explanted and divided. One half was fixed in 4% paraformaldehyde overnight and embedded in paraffin. The other half was snap-frozen in liquid nitrogen and stored at À80 C or subjected to single-cell suspension (see Supplemental Experimental Procedures). For teratoma histopathology, 5-mm paraffin cross-sections were taken at the midpoint through the block. Sections were stained with H&E for histological evaluation.
Immunohistochemistry and Immunofluorescence
Paraffin-embedded tissue sections were hydrated using a descending alcohol series, incubated for 10-20 min in target retrieval solution (Dako), and incubated with blocking solution (2% FCS/PBS). After permeabilization, sections were incubated with primary antibodies overnight at 4 C. Antigens were detected with anti-rabbit Alexa 488-and anti-mouse Alexa 555-conjugated secondary antibodies (1:500). DAPI was used to stain nuclei. Cells were cultured on gelatine-coated coverslips and fixed prior to staining using 4% paraformaldehyde for 15 min at room temperature. For staining of nuclear proteins, cells were permeabilized by incubation in 0.1% (v/v) Triton X-100 for 5 min at room temperature. After washing and blocking in PBS with 2% normal goat serum (serum of secondary antibody host species; Cell Signaling Technology), incubation with the primary antibody was carried out for 2-4 hr at room temperature. After washing with PBS, fluorescently labeled secondary antibodies were applied for 2 hr. Specimens were embedded in fluorescent mounting medium (Dako) and imaged on a Zeiss Axioserver fluorescence microscope using the Axiovision acquisition software from Zeiss.
Microarray-Based Gene Expression Analysis and Hierarchical Clustering
VW-resident MSCs were isolated from aortas of C57BL/6-Tg(CAG-EGFP)1Osb/J mice (Jackson Laboratory) as previously described (Klein et al., 2014 (Klein et al., , 2016a (Klein et al., , 2016b Total RNA was isolated from these cells as well as from control and HOX-transduced NEST-iPSCs 2 days after transduction and from generated EBs after an additional 6 days (8 days after transduction) (n = 3 for each group). Total RNA integrity was assessed using a 2100 Bioanalyzer (Agilent Technologies) in combination with the RNA 6000 Nano Kit (Agilent Technologies): all samples showed an RNA integrity number of >8.5. Global gene expression profiling was performed using SurePrint G3 Mouse Gene Expression 8 3 60 k microarrays (AMADID 028005, Agilent Technologies) according to the manufacturer's protocol with an input of 50 ng of total RNA (one-color Low Input Quick Amp Labeling Kit, Agilent Technologies). Hybridized microarrays were scanned with a G2505C Sure Scan Microarray Scanner (Agilent Technologies) and raw data were extracted with Feature Extraction 10.7 software (Agilent Technologies). Data quality assessment, preprocessing, normalization, and differential expression analyses were conducted using the R Bioconductor packages limma (Ritchie et al., 2015) and Agi4x44PreProcess, whereas Benjamini-Hochberg adjusted p values (false discovery rate) smaller than 0.5 were considered statistically significant (Benjamini and Hochberg, 1995) . Unsupervised hierarchical clustering and visualization was performed on gene expression Z scores using the heatmap.2 function from the R package gplots (https://cran.r-project.org/web/packages/gplots/ index.html) with standard options (Euclidian clustering distance and clustering function ''complete'').
Statistical Analysis
Unless otherwise indicated, data were obtained from three independent experiments (n = 3). Mean values were calculated and used for analysis of SD or SEM as indicated. Statistical significance was evaluated by one-or two-way ANOVA followed by Tukey's or Bonferroni's multiple comparisons post test as indicated. Statistical significance was set at the level of p % 0.05 (*p % 0.05, **p % 0.01, #, ***p % 0.005, ****p % 0.001 in the figures). Data analysis was performed with Prism 5.0 software (GraphPad).
ACCESSION NUMBERS
The accession number for the microarray data reported in this article is ArrayExpress: E-MTAB-5565. 
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